The lower environmental impact and economic cost of cements made from waste materials makes them an attractive alternative to Portland cement. This research was undertaken to study the performance of cement made by sulfate activation of a basic oxygen slag and run-of-station ash blended with red gypsum and plasterboard gypsum. Twocomponent and three-component mixes were tested as part of a systematic process of optimising for strength. All mixes had similar water to binder (w/b) ratio 0?3. The results showed plasterboard gypsum and red gypsum can be used with sulfate to form a sulfate-activated pozzolan basic oxygen slag run-of-station ash binder. Sample solutions were collected from a high-pressure through-flow test and analysed using inductive coupled plasma to measure the risk of leaching of heavy metals.
Introduction
It has become increasingly apparent that, in order to achieve the best performance when replacing all, or almost all, of the Portland cement in concrete with secondary minerals, it is necessary to use more than one replacement material (Claisse et al., 2010) . In the work reported in this paper, all of the cement was replaced with combinations of ash, slag and gypsum. In order to achieve the maximum possible environmental and economic benefit, the materials which were selected for use had the lowest possible market value. Thus run-of-station ash (ROSA) was used in preference to the pulverised fuel ash (PFA) that is normally used in concrete because, although from the same source, the ROSA is not classified or processed in any way and thus has no market value. Similarly basic oxygen slag (BOS), which is a steel slag, was used in preference to granulated blast furnace slag because it has lower economic value. Also the two sources of gypsum were both waste streams: 'red gypsum' (RG) was obtained from a titanium dioxide (white pigment) plant and waste plasterboard gypsum (PG) was obtained from construction site offcuts and production rejects.
The aim of this work was to test combinations of these materials and identify mixes that gave good strength and were thus potential candidates for commercial use. When working with several materials in multiple combinations and proportions, the numbers of combinations become far too large for a 'full matrix' factorial experimental design in which all possible mixes are tested.
A total of 378 samples with binary combinations of materials and 738 with ternary combinations have been tested to give a good indication of the properties of different combinations. Artificial neural networks and response surface analysis were used to build predictive models, but these proved to be too sensitive to minor changes in the source materials, which caused complete failure of the models (Karami, 2009) . Thus this paper reports on a simpler approach in which binary combinations were tested and then used to guide the choice of ternary mixes to make.
Literature review
The materials which were used in this project are not in current use in significant amounts in concrete production. There are, however, reports of their use in previous research. Jones and McCarthy (2005) investigated the potential of using unprocessed ROSA (low lime) from bituminous coal combustion in foamed concrete. They used coarse fly ash as a replacement for sand in concrete. They reported that using ROSA had a significant beneficial effect on the 28-day strength of foamed concrete.
Manjit Singh (1995) researched the setting time, compressive strength and water absorption of gypsum anhydrite-slag pastes. Their results showed the compressive strength of these mixes increased with curing time. The results also showed the combination of gypsum and slag that with a small amount of other chemical activators achieved higher compressive strength. Kourounis et al. (2007) reported that cement replacement using steel slag developed lower strength at all ages compared to Portland cement, and the strength of the cementitious pastes decreased with increasing slag content. The slag cements required less water to give the same workability with the same binder content and had increased setting times. Xuequan et al. (1999) replaced 50% of their cement with steel slag and fly ash. Their mix had a compressive strength 57?1 MPa after 28 days, which was higher than the pure cement control mix. They also found that drying shrinkage of the new mix was much lower than the control at all ages. Shih et al. (2004) used waste steel slag for making bricks. They found that if an appropriate amount of steel slag (less than 10%) was added to the mixture, the firing temperature could be reduced. The compressive strength and shrinkage reduced and the water absorption increased with increasing the slag content. Ganjian et al. (2007) investigated optimisation of the compressive strength of BOS-cement bypass dust-PG combinations and developed a semi-dry mix with a strength of 30?55 MPa at 28 days. They used the novel binder as 100% cement replacement for road sub-base construction and subgrade stabilisation in two site trials. White (2006) investigated the stabilisation of class C fly ash with calcium activators such as hydrated lime and cement kiln dust (CKD) in the construction of a structural pavement base layer. It was found that strength and freeze-thaw durability of the stabilised mix increased. Hydrated fly ash has been used in pavement, subgrade and base construction projects because of its low unit weight, high strength, ease of compaction, economical benefits and abundant supply. Ambarish and Chillara (2007) studied class F fly ash and its modification with lime or gypsum. Their results showed that adding up to 10% of lime to class F fly ash improved the shear strength. Adding 0?5, 5 and 15% of gypsum to the limemodified mix caused it to gain progressively higher strength in the early curing period, but if no gypsum was used it required 45 days or more to gain considerable shear strength.
The results from the research reviewed in this paper are listed in Table 1 .
Research objective
The objective of this research was to evaluate and optimise the effect of two different types of waste gypsum on the compressive strength of paste samples with BOS-ROSA binders. The mixes are intended for use in concrete for low-strength applications such as road bases, house foundations and mine and trench backfill.
Experimental methods

Materials
BOS was obtained from Corus UK Scunthorpe plant. BOS is a by-product from steelmaking in an oxygen blast furnace and is obtained directly from the plant without granulation. When this material is used for applications such as road embankments it is weathered to hydrate the calcium oxide. The material used in this project was not weathered but it was ground to pass a 600 mm sieve. The fineness and particle size distribution have a significant influence on the strength of cementing material (Zhao et al., 2007) .
Ground waste PG was obtained from Lafarge Plasterboard in Bristol, UK. This material comes from offcuts from site and production rejects from the manufacturing plant. It is processed at a recycling plant where 99% of the paper is removed; however, it still contained minor amounts of glass and paper. The plasterboard was also ground to pass a 600 mm sieve.
ROSA was obtained from Ratcliffe-on-Soar power station, UK. It is understood that this ash came from burning a conventional bituminous coal from the UK. It was not classified and was therefore not a designated PFA. The ROSA particle size distribution is shown in Figure 1 .
Red gypsum was obtained from Huntsman Tioxide, UK. This is a titanogypsum from titanium dioxide production. This process produces both pure white gypsum and the red gypsum, which acquires its colour from iron oxide impurities. The white gypsum is sold for plasterboard production but the red gypsum is normally landfilled. The chemical compositions of all the materials used are presented in Table 2 .
Experimental design
The mixes were optimised in two steps, as follows.
(a) In step 1 binary (two-component) mixes were tested and optimised for compressive strength. (b) In step 2 a third material was added to the optimised mix and the ternary blend was then optimised.
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Mixing and casting
All mixes used a water to binder ratio of 0?3 to keep consistency in all pastes and as a minimum water to cement (w/c) ratio to be able to compact all samples. Mixing was carried out in a 2 litre capacity mixer. The mixing time was 5 min for all mixes (2 min dry binder mixing, 1 min while adding water and 2 min more).
The flow of the pastes was measured by a modified flow table (BS 4551 (BSI, 1998) and ASTM C230 (ASTM, 2008) . The diameter of paste spread was measured for each mix.
Pastes were cast in 50 mm cubes and fully compacted with a vibrating table in three layers. After casting, the moulds were kept in the laboratory environment for 24 h. At this age, most specimens were de-moulded and cured at 20 ¡ 1˚C and 98% relative humidity (RH) until 3, 7 and 28 days. The compressive strength was calculated as the average of three specimens. Strength performance of fly ash and slag mixtures using gypsum Karami, Claisse, Ganjian and Pouya
Results and discussion
5.1
Step 1 -binary mixes
Compressive strength
In step 1 the effect of mixing PG and RG with BOS and ROSA was studied separately. PG and RG acted as sulfate activators for BOS and ROSA. The mixes were made with the two raw materials and water. The results for compressive strength of samples from this step are shown in Figures 2-6 and helped in designing the ternary mixes. The standard errors within replicate sample groups were within 3%.
The compressive strength of all BOS-ROSA specimens increased with time as expected. BOS by itself has very low compressive strength when mixed with water. The hydration process is similar to that of cement but the rate is lower. Wang and Yan (2001) observed that steel slag can be regarded as a cementitious material with low activity. Figure 2 shows that adding 10% of ROSA increased the compressive strength of the mix to more than 300% of that of BOS by itself at each age. The optimum amount of ROSA mixed with BOS was 10%. Increasing ROSA from 10 to 60% caused a dramatic drop in compressive strength at 28 days. However, increasing the ROSA percentage from 60 to 90% by weight in the mixes resulted in higher compressive strength at each age. This was probably due to the increased silica and alumina contents in mixes as a result of increasing the ROSA.
Red gypsum showed more reactivity with BOS than ROSA. The optimum amount of RG mixed with BOS was 20% at 28 days. However, the mix with 40% RG had the highest compressive strength at 7 days. This might be due to availability of a rapidly reacting cementitious component (C 4 AF) in RG that gave higher strength at early ages. Increasing the RG content to more than 20% in all mixtures created a sticky mix with low compressive strength. Figure 3 shows changes of compressive strength with BOS content. Table 2 . Chemical oxides composition of the starting materials used (in wt%) obtained using X-ray fluorescence measurements Plasterboard gypsum was considered to be a sulfate activator for BOS. Almost all the PG-BOS pastes had more compressive strength than the RG-BOS mixes. At 20% addition PG shows more reactivity with BOS than RG (Figures 3 and 4 ).
Both waste gypsums showed pozzolanic reactivity with ROSA. PG is more effective at increasing compressive strength than RG with ROSA ( Figures 5 and 6 ). This may be because of the higher amount of sulfate and calcium oxide in PG than RG.
The compressive strength of all mixes in step 1 increased with time (Figures 2-6 ).
Flow
The flow of all mixes increased with increasing BOS content (Table 3) . RG, PG and ROSA absorbed water in the mixing process making the paste very dry and hard, but BOS did not and the paste was almost liquid during mixing. After 3 min, ROSA released the absorbed water into the mix, which resulted in more flow. Both PG and RG caused higher flow. RG absorbed more water and decreased the flow compared to the mix with the same amount of PG.
Step 2 -ternary mixes
In this step, a similar series of mixes was selected for BOS-ROSA combined with RG and PG. From the conclusions of previous research on compressive strength optimisation of BOS and plasterboard gypsum waste , it was known that the compressive strength of ternary mixes did not change in a linear way. Therefore the mixes were selected from an optimum amount of BOS-ROSA ratio to gain higher compressive strength.
Compressive strength
The results of this step are shown in Figures 7 and 8 . The BOS-ROSA mixes with PG or RG resulted in higher compressive strength than that of binary mixes of BOS-ROSA at all ages. PG and RG acted as activators for both ROSA and BOS. The final setting time and strength gain of these cements are attributed to the ettringite and hydrated alumina together with hydrated calcium silicate (Hewlett, 2001) . Figure 7 illustrates the contours for compressive strength of ternary systems of ROSA-BOS-PG at 7 and 28 days. Increasing proportions of ROSA while using 10-15% PG and the rest BOS increased the strength. At 7 days, the compressive strength increased with increasing ROSA content to a peak at 75% ROSA. The maximum strength was for the mixes containing 55-65% ROSA. The behaviour of ROSA-BOS-RG was slightly different to the ROSA-BOS-PG binders at 7 and 28 days (Figure 8 ). The maximum 7-day compressive strength was for 40-50% ROSA. The optimum amount of PG and RG was 10% with BOS-ROSA. Both RG and PG acted as activators for ROSA and BOS. The maximum compressive strength of ternary BOS-ROSA-PG or RG mixes was for a mix containing 30% BOS, 60% ROSA and 10% PG or RG. The compressive strength in all samples in step 2 increased with time. However, some mixes had slightly more compressive strength at early ages and did not develop any pozzolanic reactions after 28 days. 
Flow
A small modified flow table was used for this experiment. Paste was poured into a 78 mm dia. 70 mm high cylinder in three layers and compacted with ten tamps using a small rod (5 mm dia.). After compaction the table was jolted five times and the diameter of the mixture was measured to show the flow. Flows of pastes with PG were higher than with RG (Tables 4 and 5) . Tables 4 and 5 show that the flow of pastes increased by increasing the BOS content in both RG and PG pastes, especially in BOS-ROSA-PG pastes. RG pastes had higher compressive strength than PG pastes in most combinations.
Permeability (high-pressure flow test) and inductive coupled plasma
Samples of the selected pastes were made using cylindrical moulds for a high-pressure flow test in which water was pumped through the samples at very high pressures (Ganjian et al., 2006) . The specimens were cylindrical with 54 mm dia. The coefficient of permeability and the leaching were measured. Table 6 presents the results of the permeability tests.
An OPC sample was made as a control. The w/c in all the novel mixes was 0?23, to increase the compressive strength, and it was 0?5 in the OPC mix to achieve sufficient flow to obtain a sample for leachate analysis. Leaching values were obtained by analysis of the eluent from the permeability tests.
Results from the permeability tests showed pastes with RG had greater coefficient of permeability than PG pastes with the same amount of BOS-ROSA. All pastes had greater coefficients of permeability than the OPC sample.
Sample solutions were collected from the specimens tested and analysed using inductive coupled plasma (ICP). The results of chemical analysis of solutions are presented in Table 7 . From this The results confirm the observations from the review that blends of secondary minerals can be used to replace cement for low-strength concrete applications. The results show that a characteristic strength of 15 MPa is achievable with these mixes, which is sufficient for many footings and road foundations as well as the lower strength applications such as trench and mine backfill. While it was possible to make some general observations about the nature of the activation process, the high level of impurities (particularly in the red gypsum) makes it very difficult to draw specific conclusions. This should not be a barrier to commercial use, provided testing is carried out to confirm the suitability of the mixes for specific applications and procedures are in place to deal with the variability of the materials.
Conclusion
(a) By-product cementitious materials such as BOS-ROSA-RG-PG combinations can be used at up to 100% cement replacement to make low-compressivestrength pastes. It is indicated that these pastes could be used to make low-strength concretes. Strength performance of fly ash and slag mixtures using gypsum Karami, Claisse, Ganjian and Pouya
